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ABSTRACT 
Papain is one of the Droteolytic enzymes isolated from 
the latex of the green fruits of Papaya. It has been 
extensively studied in terms of its Dhysico-chemical properties. 
Besides catalyzing hydrolysis of peptide bond, papain also" 
possessed esterase and amidase activities. It has a free 
sulphydryl E^ roup which is essential for its biological activity/-. 
It.has 212 amino acid residues and has a molecular weight of 
23,^ +06. Its three dimensional structure has been completely 
worked out. Hydrodynamic and X-ray diffraction studies on 
papain suggest that it has a compact and globular structure in 
native state. Effects of concentrated solutions of urea and 
guanidine hydrochloride on conformation of papain have not been 
studied in detail. Optical rotation data suggested that while 
papain is unfolded by guanidine hydrochloride, urea, even upto 
a concentration of 8 M, does not alter its native conformation. 
This seemed unusual and prompted us to investigate the effect 
of urea on conformation of paPain. 
It was found that papain undergoes autolysis in concentrated 
urea solutions. Hence we have used carboxymethylated papain, 
which was found to be catalytically inactive. Intrinsic 
viscosities of papain and carboxymethylated papain were found 
(ii3 ) 
to be 3»01 ml/g and 2.96 ml/g resDectively > at DH 7.2, ^ 0.15 
and at 25°C. This suggests that both modified and unmodified 
i3at)ain have same gross conformation in native state. From 
viscosity measurements it was established that papain is 
completely unfolded by 9*0 M urea at PH 7.2 and at pH ^ .5» 
However, at pH 7.2, the urea-induced transition could not be 
followed as the papain \-ra.s precipitated below ^ M urea. Ho 
such precipitation was found at PH 'f.5. The urea-induced 
transition from native to denatured state was found to be 
reversible. Further, the urea denaturation was found to follov/ 
first order kinetic law suggestin^ "^  that urea-induced 
denaturation of carboxymethylated papain involves only two 
states, the native state and the denatured state. These 
observations seemed to be encouraging and nrompted us to 
investigate systematically the kinetics and thermodynamics of 
urea-induced denaturation of carboxymethylated paoain. 
From the dependence of equilibrium constant on urea 
activity it was possible to estimate that carboxymethyl papain 
binds 20 molecules of urea more in the denatured state than in 
the native state. Further, the free energy change in absence 
of urea was calculated' to be around 7.5 kcal/mole by different 
methods of extrapolation. This means that native state of 
carboxymethylated papain is only marginally more stable than 
the denatured state. 
(iv) 
Decrease in pH was found to favour urea-induced 
denaturation of carboxymethyl papain. From the pH dependence 
of equilibrium constant it was estimated that one carboxyl 
grouTO is normalized on unfolding. 
The urea-induced denaturation of carboxymythyl papain 
was found to be temperature dependent. The equilibrium constant 
initially decreased with increase in temperature till 29°C 
after which it increased with temperature. The temperature 
of maximum stability was found to be 29 Q. Entropy change, 
AS, and enthalpy change, A H, for urea denaturation of 
carboxymethyl papain were found to be -30 e.u. and 
-8 kcal/mole respectively at 25°C. Urea-induced denaturation 
of carboxymethyl papain showed a large and positive change in 
the heat capacitjr; the change in heat capacity was found to 
be 2300 cal/mole degree at 25°C. Change in the heat capacity 
was found to be temperature dependent. 
(v) 
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KINETICS AND THERMODYFAMICS OF DEWATURATION 
OF PAPAIN BY UREA. 
INTRODUCTION 
Among the enzymes present in latex of the fruits of 
tropical papaya tree, two enzymes of proteolytic activity 
have been observed. These are chymopapain and papain. The 
latter has been extensively studied in terms of its 
physico-chemical properties. Papain preferentially catalyzes 
the hydrolysis of the peptide bonds in proteins behind alanine, 
aspartic acid, glutamic acid, arginine, histidine, leucine, 
isoleucine, phenylalanine, serine, threonine and tyrosine 
residues (23). Thus it shows a relatively broad specificity. 
t 
However, the proteolytic attack on peptide bond behind proline 
residue has never been observed. Furthermore, the hydrolysis 
of G-terminal peptide bond is not catalyzed by oaPain. It is 
strijking that valine usually precedes the amino acid residue 
providing carbonyl group to the peptide bond found to be most 
susceptible to the proteolytic attack of paoain (?7). Besides 
catalyzing the hydrolysis of peptide bond, papain also 
possesses esterase and amidase activities (28,52). 
The physico-chemical properties of papain are listed in 
Table I. The values of physical 'oarameters such as diffusion 
coefficient, intrinsic viscosity and frictional ratio for 
-2-
TABLE I 
SOME PHYSICO-CHEMICAL PROPERTIES OF PAPAIN 
Property Value 
23 , ^06 
36 X ^8 X 
212 
0.723 
36 
Refe 
0 
A 
1 0.27x1 0~'^cm^/sec 
2.^2 + 0.0^5 
1 .16 
25.0 
-66 .7° 
3.01 ml/g 
2.96 ml/g 
13.8 ml/g 
22.9 ml/g 
S 
rence 
3,5 
^h 
35 
35 
h9 
^9 
^9 
21 
22 
> i < * 
** 
* * 
4^^ 
Molecular weight 
Molecular dimensions 
Total number of amino acid residues 
Partial specific volume 
Diffusion coefficient, D^„ , 
Sedimentation constant, Sp „' 
Frictional ratio, f/f 
o 
. • ^ % 
D 
Extinction coefficient, E. _ 
' 1 cm 
Opt ica l r o t a t i o n (TDH 5-7, 2 5 ° C ) , [CX] 
I n t r i n s i c v i s c o s i t y ( n a t i v e ) 
I n t r i n s i c v i s c o s i t y ( c a r t o x y m e t h y l a t e d ) 
I n t r i n s i c v i s c o s i t y i n 9.0 M u r e a 
I n t r i n s i c v i s c o s i t y i n 9*0 M urea 
olus 0.1 M, 2-mercaotoethanol 
I n t r i n s i c v i s c o s i t y in 6.0 M guanidine 
hydroch lo r ide olus 0.1 M, 2-mercaptoethanol 
2^.9 ml/g 
**This s tudy 
-3-
native papain are consis tent with i t s globular and compact 
conformation. Since the number of basic amino acids i s 2h-
against 15 acidic amino ac ids , papain behaves as basic pr6tein 
having an i s o e l e c t r i c point of 8.75 ('+9)« 
Papain i s a kidney shaped molecule of dimensions 
36 X J+8 X 36 A (lU-). I t cons is t s of two lobes, l e f t lobe (L) 
and r igh t lobe (R). The l e f t lobe cons i s t s of amino acid 
residues numbered from 11 to 110 and from 209 to 212. The 
r ight lobe consis ts of 108 ajnino acid residues numbered from 
1 to 10 and from 111 to 208. The chain crosses three times 
between the two lobes j a t residues 11 , 111 and 208. The 
s t r u c t u r a l s t ^ i l i t y of each lobe i s , at l e a s t pa r t l y , due t o 
the hydrophobic cores . The side chains contained in the 
hydrophobic core of L lobe are : alanine 30, val ine 3 1 , 
isoleucine 3^? tyrosine '+8, leucine 53, alanine 71 , leucine 72, 
val ine 75 and isoleucine 80. The hydrophobic core of R lobe 
contains a la rger number of amino acid res idues , which are 
leucine 122, isoleucine 125, val ine I30, leucine 13if, 
val ine 161, alanine I63 , i so leucine 171, isoleucine I87, 
leucine 202 and tyrosine 203* At the two ends of the chain, 
residues 1-10 and residues 209-212-are in contact with the L 
lobe and R lobe respec t ive ly , mainly by hydrogen bonds, 
hydrophobic in te rac t ions and s a l t b r idges . 
The folding of the polypeptide chain in the two lobes i s 
independent of each other (1^) . L lobe has i t s hydrophobic 
-h. 
core surrounded mainly by three oC -helices. Of the three 
0<- -helices, first helix has five turns beginning at serine 2h 
and ending at arginine 1^ . The other two helices are 
comparatively short and involve amino acid residues glutamic 
acid 50 to aspartic acid ^7 and tyrosine 67 to tj'-rosine 78. 
R lobe, on the other hand, has one <x-helix, which starts at 
asparagine 117 and end>' at glutamine 128 and a distorted 
/A 
pleated sheet structure which involves the follov/ing amino 
acid residues : valine 5 to tiyptophan 7, arginine 111, 
glutamine 112, valine I30, serine I3I, alanine 162 to 
asparagine 175, glutamic acid 183 to arginine 191, 
phenylalanine 207 and tyrosine 208. 
The structural conformation of papain is stabilized by 
three disulphide bonds between residues 22 and 63, 56 and 95 
and 153 and 200. The complete rupture of these disulphide 
bonds results in the destruction of tertiary structure of 
protein as indicated by the loss of catalytic as well as 
immunological activity ('+5)« Hovrever, not all the disulphide 
bonds are essential for biological functions. Specific 
cleavage of one disulphide bond leads to the formation of a 
partially reduced enzyme derivative which was shown to be 
catalytically active. Furthermore, it was capable of cross-
reacting with 60^ of antibodies to native papain thus 
suggesting that the remaining tv/o disulphide bonds are 
sufficient for maintaining the required conformation of 
'5-
molecule (^ 5)« 
Of the total amino acids, 5^% are hydrophobic in nature. 
The total helical content of the molecule amounts to about 
209? ('+). This value is in good agreement with the value of 
about ^7% cL -helical content found by analysis of the 
optical rotatory dispersion data (13, ^6). 
Most of the chromophores of papain are located at the 
surface of the molecule. Of the total nineteen tyrosine 
residues, only three residues are buried inside the molecule 
and the rest are exposed to the solvent. Regarding tryptoDhan 
residues, out of five residues present in papain only one is 
buried. From the photosensitized oxidation experiments it was 
concluded that tryptophan 26 is the residue which is buried 
inside the molecule (1^). 
The active site of papain is located in the groove 
between the two lobes. Its total length is approximately 
20 A (1'+). The enzyme can bind a peptide along a length of 
seven residues (7,^2,^3). The amino acid residues responsible 
for the catalytic activity of papain are cysteine 25, and 
histidine 159 (^ ,1^ , 2^-26, 32). The sulphur atom of 
cysteine 25 is in the plane of imidazole ring,of histidine 159. 
The Sl-N atom of this ring is at a distance of only 3.^ A 
from the sulphur atom (1^). Other chemical evidences support 
the proximity of cysteine 25 and histidine 159 (25,26). The 
imidazole ring can not move around freely as it is hydrogen 
-6-
bonded to the side chain of asparagine ^75^ The charged 
residue other than cysteine 25 and histidine 159 at the active 
site is aspartic acid 158. Lysine 156 is at a distance of 
o 
6.5 A from the carhoxyl group of aspartic acid 158 and is too 
far away to play a major role in the catalytic process. 
It has been established by investigating the pH dependence 
of k A of a large number of substrates that at least two 
o m 
prototropic groups in papain with a pK values of h and 8 play 
a role in the catalysis by papain (28,50,51)53)60). Three 
dissociable groups in the active site of papain are pres.ent : 
the sulphydryl group of cysteine 25, the imidazole group of 
histidine 159 and the carboxyl group of aspartic acid 158. It 
is reasonable to ascribe the DK of k- to aspartic acid 158. 
The normal pK of sulphydryl group is 8.5. This means that 
apparent pK of histidine 159 is either shifted to a value near 
pH J+ or to a higher value of 10. Hussain and Lowe (25) and 
Lowe (32) prefer the lower value as do Lucas and Williams (3U-). 
Sluyterman and Wolthers C+S) prefer a higher value. 
According to the mechanism proposed by Lowe- (32), a 
neutral histidine is required for the catalytic reaction. 
Sluyterman and Wolthers (^8), on the other hand, put forward 
reasons to believe that histidine 159 has the high pK value 
of 10, and in their mechanism protonated histidine is the 
active species. 
-7-
In both the proposals for catalytic mechanism of papain a 
deprotonated sulphur atom is not allowed and this explains 
the pK value of 8. It is not yet quite clear what the actual 
effect of aspartic acid 1^ 8 is. As it can he connected with 
the catalytic site via a water molecule, its function as 
catalytic group can not be ruled out completely. It can thus 
be stated that catalytic action of papain requires 
deprotonation of carboxyl group of aspartic acid 158 and a 
protonated sti^ hydryl group. Because of the involvement of two 
groups of pK values h and' 8 in the catalytic action of papain, 
the activity of the enzyme decreases below pH h and above 
pH 8. 
Papain shows absolute requirement of the structural 
integrity of the lone thiol group for the expression of its 
biological activity (2^,32,i+8). Papain is inactivated by 
heavy metal ions (M-7) or other reagents which react with the 
free sulphydryl group (6,17,29,^5)59 )• Thus, chelating agents 
such as ethylenediaminetetra-acetic acid (EDTA) and thiol 
compounds, e.g., cysteine or 2, 3-dimercaptopropanol - a 
dompound which combines the functions of both a thiol compound 
and a metal binder - serve as the activators of the enzyme. 
In absence of the activators papain shows a tendency to 
aggregate at pH values ^-7 (11,28,39). 
Despite extensive studies on structure and function of 
papain its intrinsic thermodynamic stability and the pattern 
-8-
of unfolding of its polypeptide chain has not been investigated. 
Hill, Schwartz and Smith (22) have reported that papain is 
readily inactivated by 6 M guanidine hydrochloride (Gdn, HCl) 
and is accompanied with large change in specific rotation 
[CX.JQ, suggesting extensive unfolding of papain. Ahmad and 
Salahuddin (2) have also shown by intrinsic viscosity 
measurement that papain is completely unfolded by 6 M Gdn. HCl. 
In contrast to Gdn. HCl, the disrupting effect of urea on 
conformation of papain has not been established. Sluyterman (^ 6) 
and Hill et»al. (22) reported that optical rotation , 
of papain does not change significantly in concentrated urea 
solution. It was thus concluded that urea even upto a 
concentration of 8 M does not bring about appreciable change in 
the native conformation of papain. In fact, the optical 
rotation data on papain in concentrated urea solution do not 
lead to any definite conclusion because the interpretation 
of optical rotation results in terms of conformational change 
was complicated due to significant amount of autolyzed product 
in papain solution containing urea. Pronounced autolysis of 
papain in presence of urea was observed in this study. 
Carboxymethylated papain (CM-paPain) possessing over all native 
conformation as that of the papain, does not undergo 
autolysis in concentrated urea solution. Assuming that pattern 
of unfolding of CM-papain is similar to that of papain, 
thermodynamic study of the unfolding of CM-papain is expected 
-9-
to provide useful information regarding the s t a b i l i t y of 
papain. This prompted us t o inves t iga te systematical ly the 
urea-induced denaturation of GM-papain. The denaturation has 
been studied under various conditions of denaturant 
concentrat ion, temperature and pH. 
EXPSRIMEKTAL 
A. Mate r i a l s 
1. Protein: 
Papain was purified and ciystallized from the dried 
papaya latex, supplied by V.P. Chest Institute (India), by 
the method of Kimrael and Smith (28). The details of the 
isolation procedure are given on page 12. 
2. Urea; 
Analytical grade urea was purchased from British Drug 
House (India) and was recrystallized with ^0% (V/V) 
ethanol-water mixture at ^ 0°C. 
3 . jferdrochaloric Acid: 
A constant boiling hydrochloric acid was prepared by the 
method of Foulk and Hollingsworth (19)» Reagent grade 
hydrochloric acid was obtained from B.D.H. (India) and was 
diluted to specific gravity of about 1.1 by the addition of 
distilled water. The mixture was distilled at a rate of 
8-10 ml per minute. About 75^ of the original volume was 
distilled and discarded, and the next 15'^  distillate 
consisting of constant boiling hydrochloric acid was collected, 
-11 
The concentration of the constant boi l ing hydrochloric acid 
corresponding to a pressure of 7^0.05 mm was read from the 
plot between the weight of d i s t i l l a t e containing 1 mole of 
hydrochloric acid and the atmospheric pressure which was 
obtained from the data of Foulk and Hollingsworth (19). 
h. Other Reagents; 
N, N, N', N' -Tetramethj'-lethylenediamine and 
N, N' -methylenebisacrylamide (Fluka, Germany), r ibof lav in , 
acrylamide, dichlorodimethyl s i lane and Amido Schwartz 
(E. Merk, Germany), cysteine hydrochloride, ammonium 
persulphate, t r i ch lo roace t i c acid (TGA) (Reidel, Germany), 
cys te ine , e thylenediaminetetra-acet ic acid, (EDTA), 
bromophenol blue (B.D.H. England) and 2-mercaptoethanol 
(Sigma Chemical Co., USA) were used without further 
pu r i f i ca t ion . Seph^dex G-^ O and Blue Dextran 2000 were 
purchased from Pharmacia Fine Chemicals (Sweden). Cel i te was 
the product of Koch-Light Laboratories ("Rngland), Ammonium 
sulphate was e i the r enzyme grade (V.P. Chest I n s t i t u t e , 
India) or was r ec rys t a l l i zed from laboratory grade B.D.H. 
sample. Casein was purchased from V.P. Chest I n s t i t u t e , 
India . oC -W-Benzoyl-L-arginine-p-nitroanilide (L-BAPA) 
was the kind g i f t of Professor Seuchi Tokura, Hokkaido 
University (JaPan). Dialyzer tubings were purchased from 
Arthur H. Thomas Co. (U.S.A. ). Other reagents were of 
laboratory grade. 
-12-
All glass double distilled water was used throughout 
these studies. 
B. MTHODS 
"1 • Parification and crystallization of Papain; 
The dried papaya latex (l8o g) was mixed with 100 g of 
celite and 150 g of washed sand in a mortar and grounded^ 
thoroughly with 200 to 300 ml of 0.0^ M cysteine (6.3 g 
cysteine hydrochloride dissolved in 100 ml of 0.05*+ M NaOH). 
This suspension was allowed to settle and the supernatant 
solution was decanted. The extraction and grinding were 
repeated with another 300 ml of cysteine solution. This was 
decanted as before and the mortar was washed with cysteine 
solution until a total volume of 1 litre had been used 
for extraction and washing. The resulting suspension was 
stirred well and filtered on Whatman No 1 filter paper. 
The greenish yellow filtcrate, whose pH was near ^ .7, 
was adjusted to pH 9.0 with approximately 11 0 ml of 1 M NaOH 
which was added slowly while stirring. A fine grey 
precipitate appeared which was removed by centrifugatioh. 
The supernatant was brought to hofo saturation with ammonium 
-13-
sulphate (2^0 g/1). A white precipitate appeared and the 
suspension was allowed to settle at h^C for 2 hours. The 
precipitate was then collected by centrifugation and the 
supernatant was discarded. The precipitate was washed by 
500 ml of cold ammonium sulphate solution (250 g/1) and was 
dissolved in 600 ml of 0.02 M cysteine and 6o g solid sodium 
chloride was added slowly. Papain was precipitated as a 
fine white solid and the suspension was kept for 1 hour at 
^°C. It was then centrifuged at 10°C and the supernatant 
solution was discarded. 
The precipitate was suspended in -^00 ml of 0.02 M 
cysteine, pH 6.5. The pH of the suspension was readjusted to 
6.5 following the addition of protein. A crystallCine sheen 
was developed in about 30 minutes. The suspension was kept 
overnight at k-^C. The crystals were removed by centrifugation 
at 2500 r.p.m. for k- hours. This centrifugation was 
performed at 10°C because increase in temperature above 15°C 
resulted in redissolution of precipitate. 
Recrystallization was performed by dissolving the 
precipitate in minimal amount of distilled water and then 
adding 10 ml of saturated sodium chloride solution per 300 ml 
of protein solution very slowly with continuous stirring. 
When about 2^% of the salt solution was added papain began to 
crystallize. The resulting suspension was kept overnight at 
- 1 ^ -
k^C and the re crystallized papain was collected by-
cent rifugat ion. 
2. Determination of Protein Concentration: 
Protein concentration was determined by spectrophotometric 
1 '^ 
method using E^ ' = 25.0 at 278.0 nm (21 ). Dry weight and 
Lowry's (33) methods were also used. 
(a) Dry Weight.Method: 
Papain solution was dialyzed extensively against buffer 
and the solution was centrifuged. Five ml of clear dialyzed , 
solution containing about 1 5 mg of protein was taken in five 
well cleaned preweighed bottles, by weight. The solutions 
were heated at 10'+^ G to constant weight. Similarly the same 
volume of the dialyzate was also heated to constant weight. 
The weight of the protein was determined by difference. 
(b) Lowry's Method; 
Following Folin and Giocaltue/ (18), 100 g of sodium 
tungstate, 50 ml of 8^% of phosphoric acid along with 700 ml 
of watei" were transferred to a 2 litre flask fitted with 
reflux condenser and placed on a heating plate. The solution 
was refluxed, and to it were added 150 g of lithium sulphate, 
50 ml of water and few drops of liquid bromin^. The 
-15-
resu l t ing mixture was boiled without condenser for about ^5 
minutes to dr ive off excess bromine. This mixture was then 
cooled and d i lu ted to one l i t r e . The so lu t ion , known as 
Folin-phenol reagent, was then stored in coloured b o t t l e . 
The copper reagent was prepared by taking sodium 
carbonate in 0.1 M sodium hydroxide (A), 2% potassium 
t a r t a r a t e solut ion (B) and ^fo copper sulphate solution (C) 
in the r a t i o of 100:1:1 (V/VV). I t i s important tha t 
different solut ions should be mixed in the order of A, B and 
C. 
To a r equ i s i t e volume of protein so lu t ion , 5 ml of 
copper reagent was added, and a f te r 10 minutes 0.5 nil of ^0% 
(V/V) di lu ted Folin-phenol reagent was added. The colour 
developed due t o protein was read at 700 nm on a Carl Zeiss 
Jena spectrocolorimeter . 
(3 ) Measurement of pH. 
pH measurements were made on Elico model LI-1 0 pH meter 
in conjunction with Beclanan glass electrode and l l i c o calomel 
e lec t rode . The pH meter was standardized by 0.05 M phthalate 
buffer , pH ^ . 0 1 , and O.Ol M borate buffer , pH 9.0, at 25°C. 
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(k) Chromatography of Papain on Sephadex G-5'O; 
Approximately 15 g of Sephadex G-50 was suspended in 
500 ml of water and was heated on water hath for four hours. 
A thick slurry of swollen gel was then poured slowly with a 
glass rod in a column of size 2 x 50 cm previously half filled 
with water. After 10 minutes the stop cock was opened to get 
a flow rate of 3,0 ml/lir. The column was connected to the 
buffer reservoir. The flow rate was then increased in steps 
till it became 30.0 ml/hr. After passing nearly 500 ml of 
buffer the column became stable. The buffer at the top of the 
gel was removed and the protein solution was applied. 
Precaution was taken not to disturb the gel surface. The 
protein was eluted at a flow rate of 30 ml/hr in 2.5 ml 
fractions. The column was monitored by Lowry's Method (33). 
(5) Polyacrylamide gel Electrophoresis: 
Polyacrylamide gel electrophoresis was performed 
according to the method of Davis (12) with few modifications. 
Large pore spacer gel and sample gel were not used but the 
protein solution was directly applied on the gel. Gel 
contained 7% acrylamide, 0.5% (VA) N, N, N', W -
tetramethylethylenediamine, 0.1^ ammonium per-sulphate and 
0.18^ N, N' -methylenebisacrylamide. The gel was poured in 
siliconized gel tubes (0.5 x 7 cm) and few drops of water were 
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layered on the top of the ge l . The gel tubes were kept at 
l e a s t for 15 minutes for polymerization. After removing water 
from the gel tubes the l a t t e r were placed v e r t i c a l l y in the 
chamber. About 100 fXg of the protein in glycerol was 
applied on the gels and electrophoresis was carr ied out for 
10 minutes-using a current of 8 mA/tube.' The gels were then 
removed and s tained with- Amido Schwartz for 10 minutes and 
destained by shaking the gel in 7*5% (V/V) ace t ic ac id . The 
gels were scanned on Densicord densitometer, Photovolt 
Corporation, New York (U.S.A.)* 
(6) Activity of Papain; 
Proteolyt ic a c t i v i t y of papain was determined using 
casein as the subs t r a t e . To 0.5 ml of 0»5% casein in 0.5 M 
phosphate buffer , pH 7.6, containing 6 mM cystein and 2 mM 
M)TA, Was added 0.5 ml of the enzyme solut ion (--^0.5?^) in 
the same buffer . The react ion mixture was incubated a t 37°C 
for 1 h r . The react ion was stopped by adding 20 ml of 5% 
(W/V) TCA. The blank was prepared in s imi lar fashion except 
tha t TCA was added pr ior to the addit ion of the enzyme. The 
mixture was f i l t e r e d and the hydrolyzed products were estimated 
by Lowry's method. 
Activi ty of papain using L-BAPA was determined as 
follows: • To 1 ml of L-BAPA^xaution in 0.01 M phosphate 
' ' Ace No. "^ s 
y^ .T\£,S.5 ]i 
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buffer, pH 7.6, containing 6 mM cysteine and 2 mM EDTA, was 
added 1 «0 ml papain solution ( ^-^ 0,5%) in the same buffer. 
Changes in the optical density of the reaction mixture due to 
the release of nitroaniline was recorded at kAo nm at various 
intervals of time. 
(7) Determination of Autolyzed Products: 
The extent of autolysis of papain in 9.0 M urea in 
presence and absence of 0.1 M 2-mercaptoethanol was determined 
by gel filtration method. The protein solutions in 9*0 M urea 
or in 9.0 M urea plus 0.1 M 2-mercaptoethanol were 
chromatographed on Sephadex G-50. Two peaks, one 
corresponding to the intact enzyme and other to the autolyzed 
product were obtained. From the relative areas of the peaks 
corresponding to intact enzyme and its autolyzed product, the 
percent autolysis was calculated using the relation 
ar on^-r^ -^Ire•^  o _ Area under the peak for autolyzed product ^ ^ „^ /o auT:o±ysis _ ^^^^ under the peaks for autolyzed ^ '"" 
product and intact protein 
(8) Modification of Free Bulphvdryl Group: 
The free sulphydryl group of cysteine 25 was modified by 
iodoacetamide using the method of Sela, White and Anfinsen 0+k). 
Garboxymethylation was performed by the addition of 10 fold 
-19-
molar excess of iodoacetamide to the approximately 0.6^ 
solution of twice recrystallized papain in phosphate buffer, 
pH 7.2, containing 6 mM cysteinG and 2 mM EDTA. lodoacetamide 
was allowed to react for 30 minutes. The excess of lodoace-
tamide was then removed by extensive dialysis. 
(9) Viscosity Measurements: 
Cannon-Fenske type capillary viscometers with flow time 
of the order of ^ 00 seconds for 5 ml of distilled water at 
25°C were used in the measurements of viscosity. 
Solvents as well as protein solutions were filtered 
through millipore filters. Filtered solution was taken in a 
pipette and delivered to the vertically clamped viscometer 
kept in a well insulated glass tank whose temperature was 
regulated by circulating water from an ultra thermostat model 
U-10 (East Germany). The flow time of solvent, t , and that of 
protein solution, t, were measured by the help of a stop 
watch with a least count of 0.1 second. A minimum of five 
measurements of flow time per solution were made on eg.ch 
solution. The deviation was generally less than 0.3 second. 
The intrinsic viscosity, [_7^  J , was calculated by the 
equation {^h) 
r^l _ lim 77 ^ lim V-Vo 
»- '-J c—=>-o R c-»o r) c 
lim ^-^o ^ - ^ 2 'S'o (. V 
- c->o t^ c "^  cp " '^ '' 
O J O 
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where c is the protein concentration in g/ml, T) ^ is the 
reduced viscosity, T) and T) are the viscosities of 
protein solution and solvent respectively, Y^ is the partial 
SDecific volume of the protein and ^ is the density of the 
solvent. Reduced viscosity was taken to he equal to 
Reduced viscosity was plotted against 
o ' ) o 
protein concentration in g/ml. The least squares analysis of 
t . c • ^ 
the da ta on Tj T, ve r sus c o n c e n t r a t i o n y i e l d e d i n t r i n s i c 
v i s c o s i t y , [TII , as we l l as Hug g i n ' s c o n s t a n t according t o 
equat ion 
V^ = [V] * K . [^ ]^ o (2) 
where K' is the Huggin's constant. 
V, 
(1 0) U l t r a v i o l e t Absorption Measurements : 
U.V. abso rp t ion measurements were made e i t h e r on Carl 
Zeiss model VSU2-P or on Beckman model DK-2A spec t rophotometer 
us ing c e l l s of 1.0 cm path l e n g t h . 
(11) Fluorescence Measurements: 
c 
l i luorescence measurements were made on Amino-Bowman 
A 
sDectrophotof luororaeter . 
- 2 1 -
(12) Denaturatlon Experiments: 
Stock solution of CM~papain in appropriate buffer was 
dialyzed extensively against the buffer (0.05 M Tris-HCl , 
pH 7.2 or 0.1 M ace t ic acid-sodium ace t a t e , pH k-,^). The 
protein concentration was determined by dry weight method. 
Solutions for denaturat ion experiments were prepared by taking 
in order protein so lu t ion , sol id c rys t a l s of urea , so l id 
sodium chloride by weight; the volume was made upto 5«0 ml by 
the addition of the r e q u i s i t e volumes of buffer . Equilibrium 
measurements were made a f t e r the completion of the reac t ion; 
the time of completion of denaturat ion was determined by a 
separate experiment. 
0 3 ) Renaturatlon Experiments; 
Solutions for renatura t ion s tudies were made in the 
manner s imi lar to tha t for denaturat ion experiments except t ha t 
protein solut ions were i n i t i a l l y exposed to concentrated 
solutions of urea (9-10 M) for the period found suff ic ient by 
k ine t i c experiments for t h e completion of the reac t ion and 
then di lu ted with buffer to 5»0 ml, 
(1 if ) Effect of TDH on Urea Denaturation : 
The pH induced t r a n s i t i o n of papain was studied in the 
=•22-
pH range 2-6 by measuring the reduced viscosities of 0.2]% 
protein solutions containing fixed amount of urea as a function 
of pH. Protein stock solution and urea were taken by weight 
and the pH was adjusted by adding appropriate amount of HGl. 
The transition induced by lowering the pH was found to be 
reversible at all urea concentrations. At a given urea 
concentration and pH the reversibility was checked by measuring 
the viscosity of protein solution which was previously 
exposed to pH 1.5. 
(15) Effect of Temperature on Urea Denaturation: 
The effect of temperature on the denaturation 
equilibrium of papain at different urea concentrations was 
investigated in the range 10° - 50°C. Protein solutions of 
pH ^.5 containing a fixed amount of urea were prepared at 
room temperature. The protein concentration was 0.27,^ . 
Filtered solutions were taken in the viscometer and the flov/ 
time determined at each temperature after a period of 
30 minutes, necessary for the attainment of the equilibrium. 
In order to test whether the thermally induced urea 
denaturation is reversible, the protein solution at 60°C was 
cooled down gradually to the lov;er desired temperature and 
the viscosity was measured. The agreement between the 
viscosity value at a given temperature during heating and 
-23-
cooling was excellent. 
(16) Kinetics of Denaturation and Renaturation: 
All kinetic measurements were made at 25°C. The progress 
of denaturation and renaturation was followed by measuring the 
viscosity of /-N^  0,^k•% protein at a fixed concentration of 
urea. Solutions for the lf;inetics of denaturation and 
renaturation studies were prepared in the same way as described 
above. For kinetics of denaturation, the moment urea was added 
to the protein solution a stop watch was started. Protein 
solution was taken in a viscometer already clamped in the water 
tank at 25°G. The first stop watch was stopped and the second 
started to record the time of fall in the viscometer. The 
time of reaction was taken to be t he sum of the readings of the 
two stop watches. The procedure for the kinetics of renaturation 
was exactly the same except that the time was recorded from 
the moment protein solution, which was previously exposed to 
concentrated urea solution, was diluted. The reaction could be 
followed only after ten minutes of mixing. The results were 
plotted in the form of log 7}-^^^ = t " '^ Rjt =00 / 
^^ R t - 00 ~ "^ R t =0 I versus time in minutes. 
Experiments on kinetics of denaturation and renaturation were 
performed in the range of urea concentration 5«0 - 6.8 M and 
at 25°C. 
RESULTS 
Purified Papain, which was used in this study, was 
biologically active. The respective activities against 
cas^n and BAPA were foTind to be 0.178 O.D. unit/mg/min. and 
0.00^ O.D. unit/mg/min. PaDain lost its activity upon 
chemical modification with iodoacetamide. Papain as well as 
carboxymethyl papain (CM-papain) gave symmetrical single peaks 
when chromatographed on Sephadex G-50 column ("Figure 1 ). The 
elution voliome to void volume ratios were found to be 
identical both for modified and unmodified papain. This 
suggests similarity in the hydrodynamic radius of uapain and 
CM-papain. Results on polyacrylamlde gel electrophoresis at 
pH 6.0 and pH 9.0 suggested homogeneous modification (Figure 2). 
The reason why CM-papain was used in the denaturation 
experiments instead of the unmodified protein was that the 
latter exhibited pronounced autolysis in loresence of concentrated 
urea solution while GM-napain did not undergo autolysis. 
Actual estimate of the extent of autolysis showed that as much 
as 50% of paDain was autolyzed in 9*0^ u^rea in 2 days. The 
extent of autolysis increased considerably (upto 70^) after 
reduction of the disulphide bond by 0.1 M 2-mercaptoethanol. 
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0 80 120 
Elution Volume,ml 
P'igure 1. Chromatographic Profile of (A) papain and 
0^) CM-paDain on Seohadex G-50 column. 
Sxoerimental conditions: (A.) 1 5 mg of Drotein 
in 3 ml of phosphate buffer, -oH 6.5, was applied 
on the column (2 x ^5 cms ) and was Gluted in 
2.5 ml fractions at a flow rate of 30 ml/hr; 
(B) 5 mg of orotein in 2 ml of the same buffer 
was aoolied on the column (2 x 36 cms) and was 
eluted in 2.5 ml fractions at a flow rate of 
30 ml/hr. 
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The Native State: 
The intrinsic viscosities, [T) J , of papain and CM-papain 
at pH 7.2, yU, 0.15, and at 25°C were computed from the curves 
of Figure 3, The values of [T^ J for modified and unmodified 
papain were 2.96 ml/g and 3«01 ml/g, respectively which were 
more or less the same within experimental error. The 
intrinsic viscosity of CM-papain in acetate buffer pH h.^, 
/Ay 0.15, and at 25°C was also measured to be the same 
(3.03 ml/g) (Figure 7). It should, however, be noted that 
Huggin's constant for CM-paPain at pH 7.2 was 8.5" according 
to equation 2; the value at pH ^ +.5 was, however, close to 2. 
These results suggested that the hydrodynamic volume of the 
enzyme does not change upon carboxymethylation. The anomalous 
value of Huggin's constant at pH 7.2 suggests protein-protein 
interaction. 
The dependence of intrinsic viscosity of papain on shape 
and its hydration can be described by the equation (55) 
M = ^ ^ 2^ ^  ?^  .^^ i ) 3^) 
where ")) is shape or Simha factor which is 2.5 for suspended 
sphere ('^^) and larger for ellipsoid; Vp and v. represent the 
"Dartial sioecific volumes of the protein and the i solvent 
component respectively; m. is the gram of the i component 
bound to one gram of dry protein, and the summation extends 
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Figure 3' 
Protein Concentration , i/mlxlO 
I n t r i n s i c v iscosi ty of pa-oain (A) and GM-Papain 
(B) at 25°G, -DT 7.2, ionic s t rength 0.1 5. 
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over all the solvent components. If we assume that only water 
binding affects the hydrodynamic volume of papain significantly, 
we can replace 53 ^'±'^± ^J i^"^ '? • "^ 'here the subscript 1 
represents water. The value of v^, computed from the most 
recent amino acid composition data (35), was 0.72*+ ml/gram. 
The dimensions of papain molecule as computed from x-ray 
diffraction dataare 36 x U-8 x 36 A which correspond; to an 
axial ratio, aA, of 1.33. The Simha factor, ")) , for the native 
papain corresponding to the axial ratio, aA>j of 1 .33 comes 
out to be 2.55. The value of m^ for native papain as 
calculated from the viscosity data using equation 3 come out 
to be 0.^ 6 grain per gram of dry protein; the corresponding 
value for the GM-papain is nearly the same (O.^^ gram per gram 
of dry protein). 
Optical Properties: 
The ultraviolet absorption spectrum of CM-papain in 
acetate buffer, pH ^.5, ytX 0.15 and at 25°C is shown in • 
Figure h. Clearly the protein absorbs maximally at 278 nm. 
M 
Upon denaturation by 9.0 urea the absorbance increased and the 
A 
curve blue shifted by 2 nm. It should be noted that the urea 
denaturation of proteins is generally, accompanied with 
hypochroism as against the hyperchroism observed in the present 
case. This observation is interesting and is consistent with 
-30-
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f igure h. Hffect of u rea on absorp t ion spectrum of 
CM-paoain. ibc D-^-rimental-conditions : ( 
Cll-paoain in a c e t a t e b u f f e r , DH ^ . 5 , i o n i c 
s t r e n g t h 0 . 1 ^ , ( ) CM-papain in 9 . 0 ' K 
u r e a , pH !+.5, i o n i c s t r e n g t h 0 . 1 5 . 
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the fact that aromatic chromophores (phenylalanine, tyroBine 
and tryptophan) in papain are all fully exposed. This has 
been clearly shown by X-ray data of Drenth et_ al, (1*+) on 
native Tjapain; the slight blue shift indicates the unfolding 
of protein. The fluorescence spectra under identical 
conditions but at a reduced protein concentration are shown 
in Figure 5» The denaturation of papain resulted in the 
enhancement of fluorescence intensity. The fluorescence data 
indicate appreciable perturbation of fluorescence of 
tryptophan residues of the protein by 9.0 M urea. The light 
absorption and fluorescence data of Figures h- and 5 indicated 
disruption in the native protein conformation produced by 
concentrated urea solution. However, the extent of unfolding 
cannot be ascertained merely from the optical data. The 
degree of unfolding is clearly indicated by viscosity data to 
be presented below. 
The Denatured State; 
Viscosity results on CM-papain in 9.0 M urea and 
M 
9.0^urea plus 0.1 M 2-merGaptoethanol at two pH values were 
computed from the curves of Figures 6 and 7. At pH 7.2, the 
value of intrinsic viscosity of CM-papain in 9,0 M urea was 
found to be 13.8 ml/g and in 9.0 M urea containing 0.1 M 
2-mercaptoethanol was 22.9 ml/g. Identical values were found 
-32-
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^igure 6. I n t r i n s i c v i s c o s i t y of CM-papain (A) i n 
9.0 K urea and (B) i n 9.0 M u rea olus 
0.1 II 2-me re ao toe than o l a t 25°G, pH 7 . 2 , 
i o n i c s t r eng th 0.15« 
-3i+. 
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Figure ?• I n t r i n s i c v i s c o s i t y of 
a c e t a t e "buffer; (B) i n 
(G) in 9 .0 M u rea p lus 
a t 25°C, ?H ^ . 5 , i o n i c 
CM-T)apain (A) i n 
9 .0 M u r e a and 
0.1 M 2-merGaotoethanol 
s t r e n g t h 0.15« 
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at pH if.5 (Figure 7). 
Lapanje and Tanford (30) found that intrinsic viscosities 
of several proteins in random coil state with disulphide bonds 
reduced are related to their molecular weight, M, by the 
equation 
M^ = 76 n°-^^^ (h) 
where M is mean residue weight, M/n, and n is the number of 
amino acid residue per polypeptide chain. The value of 
intrinsic viscosity of papain calculated using equation h was 
22.8 ml/g. This is exactly the same as that observed in this 
study. This suggests that CM-papain in 9«0 M urea plus 0.1 M 
2-mercaptoethanol exists as linear random coil molecule. The 
r 1 M ' 
value of 13.8 ml/g for L'^ J^ in 9»0^urea suggests that papain 
behaves as cross-linked random coil molecule in 9«0 M urea and 
the three disulphide bonds exert considerable physical 
constraint on the conformation of the molecule. The value of 
Huggin's constant for papain in 9.0 M urea plus 0.1 M 
2-mercaptoethanol was calculated by the help of equation 2 and 
was 0.^7• This value is consistent with a randomly coiled 
flexible polypeptide chain containing 212 amino acid residues. 
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Isothermal Denaturation: 
The urea induced t r a n s i t i o n of CM-paDain from nat ive to 
denatured, s t a t e was studied f i r s t a t pH 7 .2 , 25°C and then at 
pH !+.5, 25°C. When t r ans i t i on was studied a t pH 7.2 (Figure 8) 
prec ip i ta t ion occurred at urea concentrations belo^ r^ 5 M« 
However, at pH h,^ the protein was soluble upto 10 M urea 
(Figure 9)» The experimental po in ts , obtained for rena tura t ion , 
l i e exactly on the curve drawn through the points obtained from 
denaturation experiments. This demonstrated tha t urea induced 
denaturation of CM-papain at pH ^ .5 ^as thermodynamically 
r eve r s ib l e . The denaturation s t a r t s at ^+.5 M urea and i t seems 
to be complete a t 8.0 M urea where the reduced v i scos i ty 
(1^ ml/g) Was i d e n t i c a l xirith tha t found for protein in 9.0 M 
urea . The mid point of the t r a n s i t i o n occurred a t ^.9 M urea 
concentrat ion. The reduced v i scos i ty of the denatured s t a t e , 
V T> T\i showed very l i t t l e dependence on urea concentrat ion, G, 
which can be described by equation 
V^T) = 0.0^+ G + 13.'+ 
The dependence of reduced viscosity for the native state, "^ -n ^  
on urea concentration is even smaller; in fact a value of 
3.23 ml/g for ^R H is observed. 
The time course of denaturation and of renaturation for 
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Figure 8. The effect of urea on reduced viscositjr of 
GM-papain at' 25'°G, pll 7 .2 , ionic strength 
0.15. Protein concentration was 1.5 mg/ml, 
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figure 9. "^ he effect of urea on reduced viscosity of 
C!M--oaoain at 25°C, pi ^ o? ionic strength 
0.1 5. Ooen and filled circles represent 
denaturation and renaturation exoeriments 
resoectively. Protein concentration was 
1.5 mg/ml. 
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GM-paoa±n was stui.ied at DH k-.5 and at 25'°C. The r e su l t s are 
shov/n graphical ly in Figure 10, in the form of a olot of 
-^og\ ??p^t^^ - %^t=oc /VR,t=oo - ^ R , t = o | i c i s u s time in 
minutes. The Tj , , represents the reduced viscosi ty afc a 
given time t . The suhscriDt t=0 represents the observation 
made at i:he s t a r t of the react ion and the subscript t= oo 
reDresents the observation mad.e when equilibrium between the 
nat ive and the denatured s t a t e s has been a t t a ined . Evidently 
the r e su l t s of Figure 10 followed f i r s t oi-der k ine t ic law. 
Thus, judged by v iscos i ty measurements the t r a n s i t i o n T-—^D 
approximates to tv/o-state mechanism. The fact tha t TJ . 
extrapolates to give '^•o w at zero time for denaturation and 
"^ •p t _ t extrapolates to ' '^„ y. at zero time for renaturat ion 
are also consis tent with two-sta te approximation. I t i s , 
therefore , quite reasonable to wr i te denaturation react ion as 
follows 
^f 
Iv^^rri^D (5) k 
r 
where N and D ret)resent the concentration of native and 
denatured s t a t e s and k^ and k the r a t e constant of forv/ard 
f r 
and reverse reactions res-oectively. The equilibrium constant, 
KT-^  , for the above reaction can be written as 
jr ^ "^ ^ - "^R.f (6) 
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Figure 10. F i r s t order k ine t ic p lo ts for denaturat ion 
and renaturat ion of CM-papain at 2^^C, PH ^ . 5 , 
ionic s trength 0.15« Open and f i l l e d 
c i r c l e s represent r e s u l t s of denaturat ion 
and renaturat ion experiments resoec t ive ly . 
The concentration of urea i s shown on each 
curve. 
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The fraction of CM-papain denatured can be given by exDression 
^ % , D ' % , N 
The values of f^  at different concentrations of urea were 
calculated from the viscosity data of Figure 9 by the help of 
equation 7 and the results are shown graphically in Figure 11 , 
Dependence of Denaturation Constant on the Activity of Urea: 
The values of K-r^  were calculated from the data of Figure 9 
by the help of equation 6 at different concentrations of urea. 
The results are shown in .Figure 12 in the form of a plot of 
log K-j versus log urea concentration. A straight line was drawn 
by the method of least squares according to the equation 
K^ = A C"^  (8) 
were A and V are constants. The value of ]) was found to be 
11.5. The straight line fits the equation, log IC = -9.0^ -^  + 
11.5 log C. 
Moreover, the deoendence of the denaturation reaction on 
urea concentration can also be described in terms of free 
energy change for the denaturation,A G, as a function of urea 
.h2-
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Figure 11. Fraction of denatured CM-paDain as a 
function of urea concentrat ion. 
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figure 12. The effect of urea con cent rati on on 
log Kp calculated, from the data of 
"Figure 9. 
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concentration (38). A l ea s t squares analysis of A G versus 
urea concentration yielded a s t r a igh t l ine whose slope and 
in te rcept were 1.2 and 7.3 resDectivcly. The s t r a igh t l i n e 
equation comes out to be 
A G = A G + m C (9) 
o '*• 
The value of m found for the urea denaturation of CM-pauain 
compares well with those found for urea denaturation of other 
proteins (38)• 
The inadequacy of equations 8 and 9 is quite evident from 
the fact that they predict unassumahle value of the equilibriiim 
constant at zero denaturant concentration. Furthermore, an 
exact and rigorous equation should contain the activity term 
rather than the concentration. The deuendence of equilibrium 
constant for the denaturation of CM-papain on urea concentration 
can be more adequately described in terms of the binding of 
the denaturant molecule to the iDrotein (57 )• It will be assumed 
that native ar> well as denatured state bin-^  urea in such a 
manner that the number of the binding sites freshly exposed on 
unfolding is A n. The dissociation constant k for the 
interaction of urea with protein is the same regardless of its 
conformational state. Using the theory of multiple equilibria, 
-if5-
the eciuilibrium constant K^ can be wri t ten as follov/s 
'D 
An 
KD = K^ 1^ + k a^) (10) 
where a is the activity of urea and K is the equilibrium 
constant K^ in the absence of urea. At a given urea 
concentration and at 25°C the value of activity v;as ta'^ cen from 
the published results (16). Figure 13 shov/s the dependence 
of IC on the activity of urea. The curve was drawn by the 
method of least squares using a computer programme on IBM 1130 
computer. Using k = 0.1 (38), the values of K and A n , 
which gave the best fit of the data, were found to be 
3.98 X 10~ and 20 respectively. The value of equilibrium 
constant for the reaction I^ \ .1-D in the absence of urea 
essentially provides a measure of the stability of native 
conformation of OM-pauain in aqueous buffer. The free energy 
change, A. 0 , in the absence of urea was calculated to be 
7,2h kcal/mole at 25°G. 
The value of A 0 can be calculated approximately from 
the amino acid composition of Daoain (35) according to the 
method of Tanford (57) using the equation 
A G = Aa +ocJIl n, 6g4.^  , (11) i ^^tT,± 
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Figure 13. The effect of Urea activity on log K^ 
calculated from the data of 
7igure 9« Solid line is drawn according 
to equation 1C, 
-h7-
where oc represents the average fractional change in the 
degree of exposure of groups to solvent upon denaturation, n. 
represents the number of groups of tyiae i present in the 
protein and 6g , .is the free energy of transfer of a 
group of type i from water to denaturant. Using the solubility 
data of Nozaki and Tanford (36), Wetlaufer et al. (58) and 
Robinson and Jencks (k-0) as described by Pace (38) and the 
well-known amino acid composition of papain, the values of 
/ \ G were calculated at different urea concentrations. The best 
fit of the experimental data was obtained with 5c = 0.13; the 
corresponding value of /^ G was calculated to be 7.^ kcal/mole. 
The computed value of ^ for the urea denaturation of lysozyme 
as well as for that of chymotrypsin was found to be 0.21 (57)' 
With the same value of oC , the value of ^ G comes out to 
be 11.95 kcal/mole. If we use the value ( ^  = 0.35) as 
recommended by Tanford (57), the value of A G is considerably 
enhanced. 
Kinetics of Denaturation and Renaturation: 
The results on the time course of urea denaturation of 
GM-papain are summarized in Figure 10 where it can be seen that 
the reaction follows first order kinetic law in both the 
directions at different urea concentrations. The apparent rate 
-^8-
constant, K , was obtained from the slope of the straight 
' app 
lines plotted in Figure 10 by the method of least squares. 
The'plot of log K versus logarithm of urea concentration is 
shown in Figure 1^, where open circles represent denaturation 
and filled circles represent experimental points for 
renaturation. Thus the experimental points obtained for 
forward and reverse reactions are seen to fall on the same curve^ 
This, by implication, would mean that K at given urea 
concentration will be the same regardless of the direction of 
anproach to the equilibrium reaction represented by equation 5* 
The values of forward (k^ .) and of reverse (k ) rate 
constants were calculated from K and K, using the 
3,pp xJ 
expressions 
•'f = '^app - T 4 V •^'" 
and 
At a given urea concentration, the value of K^ was determined 
from the data of Figure 9. When log k„ (or log k ) was 
plotted against urea concentration, C, as shown in -yae Figure 15 
the results fit the equation 
-h9-
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Figure 1l+. The dependence of the aoparent rate 
constant on urea concentration at 
250c, pH !+.5, ionic strength O.15. 
Open and filled circles represent 
results of denaturation and renaturation 
experiments respectively. 
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Figure 15« The deDendance of forward and reverse rate 
constants on urea concentration, 
^perimcntal conditions were the same as 
in Figure ^h. Open and the filled circles 
have the same significance. 
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log k^ = constant x C^*^ (1'+) ,9.9 
log k = constant x C '-^  (1^) 
It is evident that the -unfoliing reaction depends more strongly 
on urea concentration than the refolding process. It would 
thus seem that the activated complex is much nearer to the 
unfolded state. 
Effect of Temperature on Denaturation: 
In order to find the.'"- effect of temperature on denaturation 
and ronaturation by viscosity measurement, the temperature 
dependence of viscosity of the native and denatured states was 
investigated. The results are shown in Figure 16. The reduced 
viscosity of GM-papain at pTI '^.5, /y(/0.l5' decreased somewhat in 
a monotonic fashion. The temperature deoendence in the region 
10-50 G can be described by the equation obtained by the least 
square analysis of the data. 
VR^K = °-''^  ^  + 3.85 (16) 
where t is the temperature in °C. Similar procedure was 
adopted for describing the temoerature denendence of reduced 
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Figure 16. Temperature dependence of the reduced 
v i scos i ty of (A) nat ive and (B) 
denatured CM-napain a t -DH ^ . 5 , 
ionic strar??tli 0.15- "^he f i l l ed c i r c l e s 
represent the data obtained at a given 
tem-oerature both "by heat ing and cooling 
the protein so lu t ion . Protein concentration 
was 2.7 mg/ml. 
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viscos i ty of CM-papain denatured in 9*0 M urea . Analysis of the 
resu l t s done by the method of l ea s t squares yielded the equation 
V^j^ = -0.1275 t + 17.83 (17) 
1.. At a given temperature the values of V-D W and 7] used in 
the calculation of K^ were computed from equations 16 and I7. 
The effect of temperature on the urea denaturation of 
CM-papain was investigated by viscosity method and at four urea 
concentration in the temperature range 10° - 50°C and the 
results are shown graphically in Figure 17. The effect of 
temperature on the reduced viscosity of native protein, "^ -R itr» 
Was studied in the temperature range 10° - 50°G and is described 
by the straight line A of Figure 16 obtained by the method of 
least squares. Likewise, the deoendence of reduced viscosity 
of fully denatured protein is shown by the straight line B of 
Fi'^ ure 16. At a given temperature the equilibrium constant K-
was calculated using the observed values of '^•a and the values 
of T) and '^•p Q computed from the straight lines A and B 
according to the equation h. It should be pointed out that the 
thermal denaturation of CM-papain in presence of urea is 
reversible at all four urea concentrations used in this study. 
Thus, the reduced viscosity at a given temperature was found to 
-5h. 
100 20-0 30-0 400 500 
Temperature, t 
figure 17. The effect of temperature on the urea 
denaturation of OM-p'ipaln. Sxperimsntal 
conditions were the same as in Figure 16. 
Filled circles have the same significa-nce. 
The concentration of urea for each curve 
is shown on the left. 
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be the same tioth on heating as well as on cooling (Figure 17) . 
The ohservation could not be extended above 50°C because of the 
probable hydrolysis of urea resu l t ing in the formation of 
hydrogen cyanide. In "^gure 1? the thermal t r an s i t i on at lowest 
urea concentration i s incomplete because i t required heating 
above 50°C. 
A thermodynamic analysis of the r e su l t s of Figure 17 w i l l 
be done assuming that the urea denaturat ion of GM-papain 
follox^rs two-state mechanism at temperature other than 25°C. 
At a given urea concentration the equilibrium constant , PL,, 
was determined at d i f ferent temperatures using the values of 
TJ-r. ,y and ?^_ -^  described by equations 16 and 17. From the 
temuerature dependence of EL the changes in enthalpy, A H, and 
entropy, A S, were calculated using the follov/ing equations: 
^ 1 " ^ _AH ( , 8 , 
•^TTT - " R" 
d(n T In IC) 2^. _ ^ Q s 
3)T 0 T 
where R is universal gas constant = 1.9872 cal/mole/deg and 
T is the temperature in K. 
The temperature dependence of equilibrium constant for urea 
denaturation of papain is shown graphically in Figure 18. It 
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Figure 18 . Temoerature deToeirience of equ i l i b r ium 
cons tan t for urea d e n a t u r a t i o n of 
CM-papain. Sxperimental cond i t i ons 
were the same as in Tigure 16 . 
-51-
can be seen that the free energy change for denaturation 
decreases with temperature. After reaching a certain value, 
A G increases with temperature. Thus, the free energy changes 
sign with increase in temperature. At the point of inversion 
- ( ^ A G/ ^ T) or A s will he obviously zero. The value of 
A s was found to be zero near 29°C. Thus, the temperature of 
maximum stability of papain in urea solution is 29°C. 
From the temperature dependence of A H, the change in heat 
capacity, A C ,for the urea denaturation of papain was 
determined. The temperature dependence of <A H and A S are 
shown in Figure I9. It can be seen that A H and A s are 
strongly dependent on temperature. Curiously even A C seems 
to show temperature dependence. However, since A C represents 
P 
the second derivative of K„,the error involved in the 
determination of A^ C will be considerably higher than that 
found in case of IC.. The variation of A c with temperature 
may be attributed to experimental error. From the data at 
^.5 M urea the value of AiC at 25° was found to be 
2300 cal/mole/deg. 
Effect of pH on Denaturation of Papain by Urea: 
The effect of pH on the urea induced transition of 
•5Q-
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Figure I 9 . 'V\ emperature deoendence of ^ H, A. S 
^Kd A C HOT u rea d e n a t u r a t i o n of 
OH-papain. 
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GM-papain i s shown in Figure 20. As judged by v i scos i ty data 
CM-papain remains in the nat ive conformation upto pH ^ . 0 , below 
which acid denaturation takes place and reduced v i scos i ty 
inc reases . At lower urea concentrat ions, the middle point of 
t r ans i t i on occurs at lower pH values . I t should be noted t h a t 
the value of reduced v i scos i ty of CM-papain in 9.0 M urea was 
found to be independent of pH. The pH induced urea denaturat ion 
of CM-papain was found tojbe revers ib le , since reduced v i scos i ty 
a t any pH was the same as tha t obtained by exposing the protein 
f i r s t to pH 1.5 and then bringing back to the o r ig ina l pH value. 
The open and f i l l e d c i r c l e s represent exDerimental points 
obtained in acid denaturation and rena tu ra t ion of GM-papain, 
respec t ive ly . The analysis of the r e su l t s on pH dependence of 
the denaturation of papain was performed using the equation 
Kp = KQ X K(U) X F(a^ +) (20) 
where K(U) describes the deuendence of equilibrium constant on 
urea concentration and FCaxr +) terra describes the pH dependence. 
Thus, a t a given temperature Krj/K(TJ) would describe only the pH 
dependence of papain denaturat ion and would be independent of 
urea concentration. The values of K^  and K(U) were calculated 
at four urea concentrations and were plot ted in form of log 
KQ/K(U) versus pH (Figure 21 ) . I t can be seen tha t a l l the 
points calculated at d i f fe ren t urea concentrations l i e on the 
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Figure 20. The effect of oH on urea denaturation 
of CM-paDain at 25°':. Trilled c i r c l e s 
were obtained by bringing the DH to the 
desired value af ter exposure of the 
protein t o pTI 1 .5« The urea concentration 
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?lgure 21. The effect of oil on the equililDrium 
constant for the urea denaturation 
Tf C!f-papain. The values of 
equilibrium constants v;ere calculated 
from the data of Rlgure 12 and were 
olotted as loc K^/K(U) with K(U) given 
hy the equation K(U) = (1 + k a ^ ) ^ " 
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same curve. A computer-analysis of the points gave a maximum 
slope of one (Figure 21 ) which suggested that one ionizable 
group presumably carboxyl one was normalized by denaturation 
reaction. The pH dependence of urea induced unfoliing of pa'oain 
can also be representee! by the equation 
I Z (1 + I^i,D/^H+^ 
^ ^ 2 l (1- + Kj_^/ag+) 
where K. T,T and K. T^  are the acid dissociation constants of i,N i,D 
group i in the native and the denatured states respectively, 
K2 represents K^. for the fully protonated form of protein and 
aTT+ is the hydrogen ion activity. 
ji 
A lea s t squares analysis of '^/K^ versus pH was done for 
i = 1 using a computer programme. The bes t f i t of the 
experimental data was obtained v/ith pH^  ^ = ^-.o and 
DIL ^ = 2 .8 . This would imply tha t one carboxyl group, 
presumably of glutamic acid, of napain changed i t s oK value 
from 2.8 in the nat ive s t a t e to ^ .0 in the denatured s t a t e . 
DISCUSSION 
Published hydrodynamic results on sedimentation constant, 
diffusion coefficient and frictional ratio (Table I) as well as 
the intrinsic viscosity data obtained in this study suggested 
that native papain exists in compact and globular conformation. 
This is supported by x-ray data of Drenth ^t. al. (1^). The 
intrinsic viscosity of native papain was measured to be 3 ml/g> 
the value one should expect for a compact and globular protein 
(55)' Both native and CM-papain were found to be 
indistinguishable from each other in hydrodynamic volume as 
measured by intrinsic viscosity (Table I). A decrease in pH 
from 7.2 to ^ +.5 had no measurable effect on effective 
hydrodynamic volume of CM-papain. It seems that the gross 
conformation of native papain is not altered by chemical 
modification of the lone sulphydryl.group provided by cysteine 
25 of the protein. This conclusion is in agreement with that 
drawn on the basis of circular dichroism and ultraviolet 
absorDtion measurement (6) showing that carboxymethylation of 
cysteine 25 did not alter the native conformation of papain. 
However,, since the structural integrity of sSysteine 25 is required 
for the exTDression of proteolytic activity of papain (^,2^), 
CM-papain is expected to be devoid of enzymic activity. This 
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has been demonstrated on severa l occasions (6,29,^+5) as well 
as in th i s study. 
The i n t r i n s i c v i s cos i t i e s of CM-papain in 9.0 M urea and 
9.0 M urea containing 0.1 M 2-mercaptoethanol were measured to 
be 13.8 ml/g and 22.9 ml/g respect ive ly ; these values remain 
unal tered by changing the pH from 7.2 to '+.5. All the three 
disulphide bonds would be reduced by 0.1 M 2-mercaptoethanol in 
presence of 9.0 M urea and the papain polypeptide chain i s 
expected to b'?have as a l i n e a r random c o i l . For the randomly 
coiled papain with 212 amino acid res idues , i n t r i n s i c v i scos i ty 
as calculated by equation h comes out to be the same, as that 
found by aaactual experiment. Thus the i n t r i n s i c v i scos i ty data 
suggested tha t CM-papain was devoid of a l l the non-covalent 
in te rac t ions in 9.0 M urea . In absence of 2-mercaT3toethanol 
the protein behaves a^s cross- l inked random c o i l in 9*0 M urea. 
In contrast to these f indings, i t was found tha t the op t ica l 
ro ta t ion of native papain did not change in concentrated urea 
so lu t ion . This was in te rpre ted to be due to the absence of 
conformational change (22,^6). In view of the presence of 
s ign i f ican t amount of autolyzed product ir^presence of 
concentrated urea solution the in t e rp re t a t ion of op t i ca l 
ro ta t ion resu l t s in terms of conformational change i s l ike ly 
to be less c e r t a i n . Furthermore, i t i s possible tha t op t ica l 
ro ta t ion measurements were not done a f te r the-completion of 
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unfolding reaction at neutral riH. As found in this study the 
urea denaturation of papain at neutral vE is completed after 
72 hours. The exact time of incubation of paDain with urea has 
not always been mentioned by other workers (22,i+6). Wherever 
such information is available (22) the time of incubation was 
insufficient for the completion of denaturation reaction. It 
should be emphasized that the technique used in this study do 
not exclude the possibility of the existence of some local 
interactions betv/een a few amino acid residues. The local 
interaction, if any, can be detected only by a more sensitive 
probe such as nuclear magnetic resonance. 
The isothermal transition of CM-papain appears to involve 
only two stable conformational states, namely, the native and 
the denatured states as revealed by the adherence of the 
denaturation reaction to the first order kinetic lav;. This 
conclusion would be less certain if a transient state persists 
on the pathX'Tay of unfolding (or refolding) of papain for a 
period too short on the time scale of viscosity measurements. 
As described in the experimental section of this study the 
earliest value o^ Tl ^  could be recorded within ten minutes of 
the start of denaturation. Thus, if a conformational state X 
persists for nine minutes it will remain undetected by our 
measurements. However, the fact that A G value computed from 
the equilibrium data of Figure 9 is comparable tc[that 
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calculated using Tanford's equation (^7) favours two-state 
approximation. The intermediate s t a t e , X, i f any, does not 
seem to be s ign i f ican t ly d i f fe ren t from the native s t a t e , ¥, "by 
the c r i t e r i o n of v i scos i ty measurement. I t i s conceivable tha t 
N and X are two microstates within the same macrostate which 
we have designated as the nat ive s t a t e . Thus a thermodynamic 
analysis of equilibrium data in terms of two-state model appears 
to be feas ib le . 
The resu l t s on isothermal denaturation of paDain by urea 
suggested tha t the native protein conformation i s more s table 
than i t s denatured form by 7«2 kcal/mole under nat ive condi t ion. 
Such low values have been reported for other protein 
denaturations (38) where the nat ive conformation of sevei-al 
proteins has been shown to be s tab i l i zed by 6 - 12 kcal/mole. 
The effect of temperature on urea induced denaturation of 
CM-paDain i s shown in Figure 1? . The resu l t s of Figure 17 
expressed in the form of van ' t Hoff plot of log KL^  versus 1/T 
are shown in Figure I 8 . These data c lear ly show tha t increase 
in the s t a b i l i t y of native GK-papain with temperature i s 
reversed at about 29^. Above t h i s temperature the s t a b i l i t y 
decreases . This indicates tha t the unfolding react ion i s 
exothermic belov/ 29 anri endothermic above i t . 
The values of A H, A S and A c as the function of 
temoerature, calculated from the data of Figure I 8 , for one 
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experiment (5.5 M urea) are shown in Figure I9, which shows that 
these values depend strongly on temperature. Table II 
summarizes the different thermodynamic •oaramoters for urea 
denaturation of CM-papain along with those found for some 
notable protein denaturations. Like other protein denaturations 
the free energy change, A G, for the urea denaturation of 
CM-papain is very low. 
The change in the enthalpy, A H, for protein denaturations 
has been reDorted to be -21 to ^7 kcal/mole at 25°C. The value 
for urea denaturation of CM-papain is about -8 kcal/mole 
"indicating that urea denaturation of CM-papain is exothermic 
at 25°C. 
The values of entropy change, A S, for protein denaturations 
listed in Table II, seem to be surprisingly small for a process 
involving order-disorder transition. The entropy change for 
denaturation actually consists of two Darts: entropy change, 
A S ^ , due to the conformational change that accompanies 
protein denaturation, and the entropy change, A S ^ , due to 
the ordering of solvent molecules around hydrophobic groups 
exTDosed during unfolding of protein. The entropy change, 
A S' Q^ |., due to the transition of Drotein from ordered native 
state to the 'disordered denatured state is -oositive at all the 
temperatures. The entropy change arising fi^om the solvation of 
the hydrophobic groups, A S -,, may be negative at lower 
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TABL-K I I 
COMPARISON OF TIE VALUES OF A G, A H , A S , A G (ALL AT 25°C) 
AND T FOR CM-PAPAIN WITH THOSE FOR OTHER PROTEINS, 
max 
P r o t e i n , React ion 
AG A H A S ^^D T 
(kca l /mole) (kca l /mole) ( e . u . ) ( c a l / d e g / "^^^ 
mole 'O ( "C) 
Ribonuclease , thermal 
t r a n s i t i o n , pH 2 .5 
MlDonuclease, 3.I M 
Gdn.HGl, pH 6 .0^ 
Lysozyme, 1 M Gdn.HGl 
pH 7.0^ 
Chymotrypsionogen, 
thermal t r a n s i t i o n , 
pH 3 . 0 , 1 M Cl" 
Kyoglobin, the rmal 
t r a n s i t i o n , pH 9.0 
fi-lactoglohulin, 
5 M u r e a , pH 3 .0 
Ovarcnimin A^  , 2 . 5 M 
Gdn.HGl, pH 7.0^ 
GM-oapain, 5«5 M 
u r e a , pH h.'y 
1 .h 
' - 0 . 6 
7 .9 
7 .8 
13 .6 
0.6 
2 .0 
0.27 . 
h-7 
31 
22 
39 
h2 
-21 
51 
-8 
153 
110 
Lf9 
105 
95 
-72 
153 
•30 
2000 
1800 
1375 
2600 
1^00 
-9 
12 
10 
0 
2150 35 
27^0 
2300 29 
Data from re fe rence 57 except ' 
a "b c d 
Reference k•^ Reference 5 References 1 ,3 This s tudy 
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temperature and •becomes positive as the temperature is raised. 
At the temperature of maximum stability, T , the total 
entropy change of denaturation, A S = A S ^ + A S -, , 
becomes zero. The value of T for urea denaturation of 
CM-papain was found to be near 29 C. Hence the value of A S 
is negative below T , i.e., 29°C, and positive above it. 
HI 3 ^ 
The most interesting aspect of this study is the sharp 
minimum in the temperature dependence of equilibrium constant 
(Figure 18) and the large and positive value of Z^. C which 
is the thermodynamic parameter responsible for it. A 
strikingly similar minimum was found for urea denaturation of 
6 -lactoglobulin near 35^0 (37 )• A similar minimum occurs in 
the Gdn.HCl denaturation of lysozyme near 12°C (5), in the 
thermal denaturation of chymotryr)sinogen near 1 0°C (56), in the 
jdn.HGl denaturation of ovalbumin A near 1 G (1 ) and thermal 
denaturation of myoglobin near 0 C (56). In other cases the 
temperature of maximum stability, T , is experimentally 
unattainable, i.e., T is below 0 C, for example thermal 
1113,-;^  
denaturation of ribonuclease (56). 
The change in the heat cat)acity, A G , showed dependence 
on temperature. This has been noted earlier for other protein 
denaturations (95IO). Regardless of the fact whether A C 
depends upon temperature or not, its value is large and 
Dositjve. This feature is invariably shared by all protein 
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denaturations known to date. The large positive value of A c 
can be explained in terms of the exposure of non-polar groups 
during unfolding of CM-papain by urea. Quantitatively, the 
exposure of hydrophobic groups will account for the order of 
magnitude of observed A G values. The very marked 
difference between the partial molal heat capacities of 
aliphatic organic compounds in aqueous solutions and in solutions 
in organic solvents was first pointed out by 'Sdsall (l^)* The 
effect has since been shown (20) to result from the creation 
of temperature-labile-ordered water structure in the vicinity 
of non-polar groups in aqueous solutions. Edsall showed that 
this effect of'aliphatic groups of several kinds of organic 
molecules contributed about 18 cal/deg/mole for each GHp group 
in the molecule to the heat capacity in an aqueous medium. 
Bohon and Claussen (8) have obtained values near 70 cal/deg/mole 
for aromatic compounds. One of the consequences of large and 
positive A C is to make A H and A s strongly der)endent on 
temperature. At low temperature the ordering of water 
molecules about non-polar grouDS would involve a small decrease 
in enthalpy and relatively large negative entropy. The value 
of A c will tend to make both A H and As more positive 
P 
with increase in temperature as we have found in our studies. 
Analysis of the results on the IDH dependence of the 
equilibrium constant for the denaturation of CM-pa'oain by urea 
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showed the normalization of one acidic group. Assuming that pK 
in the denatured state is ^,0, the pK value of the acidic group 
in the native state, as suggested hy the data, comes out to he 
2.8. From the x-ray data the potential candidate in this case 
appears to be glutamic acid 35 which is at the distance of only 
5 A from the Wit group of lysine ^7h- (1h). 
The decrease in the value of log Kp^ /K(U) above pH h.'p 
suggests that one group in the neutral pK regioh may also has 
an abnormal pK value in the native state. Studies on the 
mechanism of action of papain (25',32,3'+,^ 3) as well as recent 
study of Lewis, Shafer and Johnson (31 ) suggest that the 
imidazole group of histidine 159 ionizes with an abnormal pK 
value. 
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